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Mercapto-benzothiazole as corrosion inhibitor for
single crystalline copper in sulphuric acid
L. S. NANDEESH
B. S. SHESHADRI
The corrosion rates of copper single crystal {100}, {110}, and {111} planes have been
determined in stirred 0·1 M H2S04 solutions containing various concentrations
(10-6-10- 3 moll-1) of mercapto-benzothiazole (MBT) by weight loss and polarisation
techniques. The corrosion rate, which was controlled by surface reaction, was found to be
a function of crystallographic orientation, temperature, and MBT concentration. The
stabilities of the three crystal orientations in pure acid were found to be
{111} > {100} > {110}. However, at the critical MBTconcentration (10-3 moll-1) the
stability order was found to be {110} > {100} > {111}. The observed corrosion data
indicated inhibition by surface adsorption of inhibitor molecules, following the
Bockris-Swinkels adsorption isotherm. The weight loss and polarisation techniques gave
similar inhibitor efficiency values. The order of stability of the crystal planes was further
confirmed by a thermodynamic study' of inhibitor molecule adsorption. The formation of
MBT-Cu( I) films from the surface reaction of cuprous ions with adsorbed MBT acts as
a barrier against the corrosive environment.
Manuscript received 28 July 1987; in final form 5 November 1987. The authors are in the
Department of Chemistry, Central College, Bangalore University, Bangalore 560 001,
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Table 1 Variation of corrosion rate of single crystal copper
of various orientations in stirred 0·1 M H2S04
containing various concentrations of MDT at
30°C: values in parentheses are steady corrosion
potentials, mV(SCE)
RESULTS
Weight loss measurements
The measured corrosion rates in stirred 0·1 M H2S04 at
30°C are given in Table 1, from which it can be seen that
MBT additions had a significant inhibitive effect and that
the dissolution rate is affected by crystallographic
orientation.
corrosion cell through the central neck and suspended so
that the desired crystal plane was held horizontally just
below the surface of the solution. The crystal planes were
exposed in aerated stirred 0·1 M H2S04, with and without
MBT, for various periods, equivalent to dissolution
thicknesses up to 1·8 Ilm. The air in the corrosion cell wa,s
replenished by selfdiffusion during the experiments. The
corrosion potentials were measured with respect to a
saturated calomel reference electrode using a digital
multimeter (Systronics model 435) with an accuracy of
± 1 mV. The crystal was removed after the desired time
(1-6 h) and washed with small quantities of triply distilled
water. The corrosion rate was calculated by measuring the
amount of copper dissolved in the solution
colorimetrically.
Anodic polarisation measurements were carried out over
a current density range of 0·5-15 rnA cm - 2. The surface
characteristics of the copper planes after exposure were
examined under a metallurgical microscope.
Corrosion rate, mg cm- 2 h - 1
{1l1}{1l0}
0·076 (52) 0·091 (62) 0·06 (32)
0·0695(77) 0·081 (82) 0·05 (61)
0·057 (93) 0·055 (103) 0·04 (75)
0·044 (105) 0·039 (120) 0·0299 (104)
0·019 (130) 0·016 (132) 0'018 (123)
{100}
MBT concentration,
moll-1
o
10-6
10-5
10-4
10-3
METHODS AND MATERIALS
Distilled sulphuric acid (Analar reagent) was used. MBT
(Analar grade, Sisco-Chern, Bombay) was used without
further purification. Corrosion experiments were carried
out in 10-3-10-6 M solutions of MBT prepared from a
stock solution of 10- 3 M MBT in doubly distilled water +
10 vol.-% ethanol, subsequent dilutions to the required
concentrations being effected with doubly distilled water.
All acid solutions used were prepared using doubly distilled
water. Tests were conducted using 50 ml of 0·1 M H2S04
solution in a three necked flask of 100 ml capacity, which
was kept at constant temperature using a thermostat.
Copper single crystals of various orientations were fixed
in Tygon tubing, exposing only 0·5 x 1 cm areas of the
desired crystal planes. The specimens were mechanically
polished on 4/0 emery paper using ethanol as lubricant
and subsequently electropolished in orthophosphoric
acid (1: 1) for 30 min at an anodic cell potential of
1·2 V(SCE),16 removed without switching off the current,
and washed with 10%H3P04 followed by distilled water.
The crystal was then immediately transferred to the
INTRODUCTION
The use of nitrogen and sulphur containing organic
compounds as corrosion inhibitors is widespread, 1-7
although the mechanism of their action is still imperfectly
understood, at least partly because of the complexity of the
corrosion process. Of the mechanisms that have been
proposed to explain the action of corrosion inhibitors, the
surface adsorption theory seems to be most pertinent. 8 It
has been shown that the choice of a suitable inhibitor in a
given corroding system depends on several factors of which
the nature of the metal, the type of corrosive medium,9 the
magnitude of the charge at the metal/solution interface,
and the nature of the cathodic reaction 10 are most
important. The action of corrosion inhibitors at the metal/
solution interface has been evaluated in terms of
adsorption characteristics and the thermodynamics of
adsorption.11-13
Mercapto-benzothiazole (MBT) is known to act as an
effective inhibitor for copper and its alloys14.15 and a
study of the effect of MBT on corrosion of copper single
crystals in dilute sulphuric acid is reported in the present
communication.
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Table 2 Variation of dissolution rate of. copper single
crystals of various orientations in 0'1 M "2S0 4
with temperature: values in parentheses are
dissolution rates in presence of 10- 3 mol 1- 1
MDT
Dissolution rate, mg em - 2 h - 1
Temperature,
°C {100} {lIO} {lI1}
15 0·065 (0·013) 0·0761 (0·009) 0'0466 (0·01)
30 0·076 (0·019) 0·0914 (0·016) 0'06 (0·018)
45 0·095 (0'032) 0·11 (0-029) 0·08 (0-032)
166 105 10-4 103 102
CONCENTRATION
• {lOO}; .•. {lID}; • {lll}
Variation of protection efficiency with MBT concentration
(mol r 1) and crystallographic orientation of copper single
crystals in 0·] M H2S04
The percentage inhibitive efficiency was calculated using
the equation
P = 100(Wo- W)/Wo
where Wo and Ware the values of the weight losses
without and with inhibitor respectively. The variation of P
with MBT concentrations in 0·1 M H2S04 at 30°C is
shown in Fig. I for various crystal orientations. The degree
of protection is found to be in the order {lID} > {100} >
{Ill} for 10-3 mol 1-1 MBT, the concentration at which
maximum corrosion inhibition was observed. As shown in
Fig. 2, there is a linear variation in weight loss with
immersion period, with and without MBT.
The effect of temperature in the range l5-45°C on the
corrosion rates in 0·1 M H2S04 containing 10-3moll-1
MBT was studied. As can be seen from the results in
Table 2, the dissolution rate increases with increasing
temperature whereas P decreases with increasing tempera-
ture.
Polarisation measurements
Anodic polarisation of copper single crystals was carried
out galvanostaticaIIy in stirred 0·1 M H2S04 containing
various MBT concentrations at current densities between
0·5 and 15 rnA cm-2 at 30°C. At each current density the
potential drifted slightly with time during anodic polarisa-
tion, finally attaining steady values for all the copper single
crystal -orientations. For {100} and {lID} planes the
polarisation potentials increased to steady values, whereas
on {Ill} planes they decreased to steady values, as
observed previously.1?,18 However, the presence of MBT
always increased the value of the anodic polarisation
potential at any given current density, the magnitude of the
increase depending on the concentration of MBT. A typical
plot of variation of anodic polarisation potential (E - Eeom
where E is the observed anodic potential and Eeorr the free
corrosion potential) with thickness of metal removed by
anodic dissolution at 5 rnA cm-2 in 0·1M H2S04, with
and without MBT additions, is shown in Fig. 3.
The steady polarisation potential values at various
current densities were used to construct Tafel plots for all
the crystal planes. A typical plot for the {100} orientation
is shown in Fig. 4. The anodic Tafel slope of 45± 5mV/
decade obtained in pure 0·1 M H2S04 increased with
increasing MBT concentration for all orientations. How.:.
ever, MBT had no effect on the cathodic polarisation
potential.
Corrosion currents were evaluated by extrapolating
the anodic Tafel lines to free corrosion potential values.
The inhibitor efficiencies were also calculated from the
polarisation data using the following equation, the
theoretical basis of which has been given by Fischer19-21
P = 100(i - i*)/i
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3 Variation of anodic polarisation potential with 'thickness' of
dissolved layer and crystallographic orientation of copper single
crystal at 5mA cm-2 in 0·] M H2S04: open symbols = without
inhibitor; solid symbols = with 10-3 mol r 1 MBT
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2 Variation of copper single crystal dissolution rate with
immersion time in 0·] M H2S04 and crystallographic orienta-
tion: open symbols = without inhibition; solid symbols = with
10-3 mol r1 MBT
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Copper single crystals were anodically dissolved
(polarised) in 0·1 M H2S04 in the current density range
0·5-15 rnA cm·-2 up to a dissolution thickness of l·g J..lm.
On {100} planes layers with occasional square pyramidal
etch pits appeared in the current density range 0·5-
5 rnA cm - 2 (Fig. Sa). The density of these pits. increased
with increase in current density to 15 rnA cm - 2. In the
presence of effective MBT concentrations (10- 3moll- 1)
no characteristic etch pits appeared at these current
densities and dissolution was random (Fig. 5b). {lID}
planes suffered ridged etching (Fig. 5c) at all current
densities investigated. However, in the presence of
10- 3moll- 1 MBT only randomly etched surfaces were
obtained at these current densities. The tetrahedral etch
pits (Fig. 5d) observed on {Ill} .planes at all current
densities transformed completely to randomly etched
surfaces in the presence of 10- 3mol 1- 1 MBT.
1: no inhibitor; 2: 10-6 moll-1 MBT; 3: 10-5 moll-1 MBT;
4: 10-4 moll-1 MBT; 5: 10-3 moll-1 MBT
4 Anodic Tafel plots for {100} copper single crystal planes in
stirred 0·1 M H2S04 containing various concentrations of MBT
Surface topography
After chemical dissolution in aerated, stirred 0·1 M H2S04
with and without MBT additions, the copper single
crystals had a bright appearance, although occasional pits
were visible. This pitting during chemical dissolution did
not produce any characteristic etch figures.
where i and i* are the corrosion currents in the absence
and presence of inhibitor. Values of corrosion current and
Tafel slope for various inhibitor concentrations are given in
Table 3. The surface coverage values are calculated using
the equation
()= 1-W/Wo
The () values from weight loss data are found to be in
agreement with those from polarisation studies for all
concentrations and orientations (Table 4).
0.1 10
Current Density I rnA crn-2
100 DISCUSSION
The inhibitive properties of MBT have been attributed to
the formation of an adherent protective film on the copper
surface.22 It has been shown elsewhere22 that a thin film of
Cu(I)- MBT complex is formed on copper immersed in
HCI solutions containing MBT.23
In acidic solutions MBT exists predominantly as the
thione form shown in Fig. 6a. Corrosion of copper in
aerated acidic solutions is a result of two partial reactions
anodic: 2Cu ~ 2Cu ++ 2e- (l)
cathodic: 2Cu+ +02+4H+ +2e- -+ 2Cu2+ +2H20 (2)
which are consistent with the mechanisms proposed by
Jenkins24 and Bertocci.2s
In the first stage of corrosion the cuprous ions generated
form a Cu(I)-MBT type complex23 with adsorbed MBT
on the copper surface. The film so produced has been
characterised by multiple spectral studies26 and shown to
have a polymeric structure of the form shown in Fig. 6b.
Such films can act as an inhibitive barrier to the corrosion
of copper.
The observed Tafel slope of 45± 5 mV/decade obtained
in O·lM H2S04 is consistent with the observations of
earlier workers, 1 7, 18 indicating rapid formation of Cu + as
Table 3 Variation of corrosion current density icorr and anodic Tafel slope Pa for single crystal copper of various orientations
in stirred 0·1M H2S04 containing various concentrations of MDT at 30°C
no inhibitor 10-6 moll-1 MBT 10-5 moll-1 MBT 10-4 moll-1 MBT 10-3 moll-1 MBT
ieorr' f3a, ieorr, f3a' ieorr' f3a' ieorr' f3a, ieorn f3a'
Orientation rnA cm-2 mY/decade rnA cm-2 mY/decade rnA cm-2 mY/decade rnA cm - 2 mV/decade rnA cm-2 mY/decade
{100} 0·15 48 0·135 50 0·11 52 0·086 54 0·04 56
{HO} 0·18 44 0·16 46 0·105 48 0·075 52 0·035 54
{1l1} 0·15 48 0·125 50 0·10 56 0·075 60 0·045 64
Table 4 Comparison of surface coverage values (J obtained from weight loss and polarisation studies for single crystal copper
of various crystallographic orientations in 0·1 M H2S04 containing various concentrations of MDT
MBT concentration,
moll-1
10-6
10-5
10-4
10-3
0
{100} {110} {111}
Weight loss Polarisation Weight loss Polarisation Weight loss Polarisation
0·09 0·10 0·11 0·11 0·17 0·17
0·25 0·26 0·40 0·41 0·33 0·33
0-42 0·43 0·57 0·58 0'50 0'50
0·75 0·74 0'82 0·81 0·70 0·69
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a
c
b
d
a {lOa}, no inhibitor; b {loa} with 10-3 moll-l MBT; c {11O}, no inhibitor; d {1I1}, no inhibitor
5 Micrographs of copper single crystals of various crystallographic orientations after anodicpolarisation to 5 rnA crn-2 in 0·] M H2S04
x 600
an intermediate in the anodic reaction, followed by the rate
determining step (rds) of oxidation of Cu + to Cu2 +
The cathodic reaction of oxygen can be accelerated by the
presence of Cu + ions25 and, in the absence of inhibitor, is
likely to be under diffusion control.
The change in Tafel slope (Table 3) in the presence of
MBT indicates that the inhibitor is interfering with the
mechanism of corrosion, changing the rate determining
step owing to the formation of a Cu(I)-MBT film on the
copper surface.
It is known that the corrosion of metal is initiated at
reaction site (defects)27 and it has also been established
that dissolution is an inverse process to growth.18 The
formation of a Cu(I)-MBT film on copper single crystal
surfaces brings about the change in dissolution charac-
teristics and rate.
Characteristic etch pits are observed on copper single
crystal surfaces when they are dissolved in pure acid. The
metal atoms are removed from the reactive sites on the
copper substrate surface, which are similar to those for
growth, namely kinks in a step on the surface. The sources
of steps are misorientation and/or dislocations, hence it
could be expected that dissolution also proceed by
movement of microsteps. It has been shown that during
growth a pair of screw dislocations of opposite sign will
bring about pyramid formation. Similarly, it is possible for
pyramidal pits to form during dissolution by the same
mechanism, i.e. two screw dislocations of opposite sign
unwinding themselves and combining to form a loop. The
repetition of this process will result in the formation of
pyramidal pits. The appearance of square pyramidal pits on
{100} planes and tetrahedral pits on {Ill} planes observed
during anodic dissolution supports the above mechanism.
No pyramidal pits are observed on {110} planes, only
ridged etch morphologies. It is known that < 100)
directions are less densely packed in {l10} planes; thus
atoms could easily be removed along < 100) directions,
forming ridges. The detailed mechanism and models for the
formation of characteristic etch patterns during anodic
dissolution of copper single crystals have been discussed
elsewhere. 17,18
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Table 5 Free energy of adsorption AG:;, heat of adsorption
AH:, and entropy of adsorption ASao for
adsorption of MBT on single crystal copper of
various crystallographic orientations in 0·1 M
"2S04 containing 10-3 moll-l MBT at 30°C
10 20 30 40
Tempera ture ,0 C
o {IOO};6. {llO}; 0 {lll}
9 Variation of free energy of adsorption .1G~ for M BT on copper
in 0·] M H2S04 containing ]0-3 mol r1 MBT with
temperature and crystallographic orientation -
the adsorption characteristics. In most cases the adsorption
of inhibitor from the corrosive medium is a quasisubstitu-
tional process29
inhibitorso1 + nH20ads-+inhibitorads + nH20so1 (5)
the thermodynamics of which depend on the number n of
water molecules (dipoles) replaced by an inhibitor molecule
during adsorption at the metal/solution interface. The
value of n for a given inhibitor depends on the mode of
adsorption. The standard free energy of adsorption ~G~ of
such a process has been evaluated using an adsorption
isotherm 30 from the configurational expression
(
55·48 [8+n(1-8)]O-1)
~G~ = -2·303RT log Corg(l-O)O n0 .
(6)
where Corg is the concentration of inhibitor in the bulk
solution. A plot of
[8j(1-0)O]{[8+n(l-8)O-1]jnO}
against inhibitor concentration was made for various n to
evaluate the most probable value. The n values for MBT
on {100}, {lID}, and {Ill} planes were found to be 7, 15,
and 20 respectively (Fig. 8), indicating different modes of
adsorption on different crystal planes. The entropy of
adsorption ~S~ for inhibitor on the crystal planes was
evaluated from the relation between ~G~ and T (Fig. 9),
and from the values of ~G~ and ~S~ the heat of adsorption
~HO was calculated. Values of ~G~, L\S~, and ~H~ for a
MBaT concentration of 10 - 3 moll-l are given in Table 5.
The free energies and heats of adsorption are in the same
,order, {lID} > {1DO}> {Ill}, as the inhibition efficiencies
P for the crystal in the presence of 10- 3 moll-l MBT. The
magnitudes of ~S~ and ~H~ are in accordance with the
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SURFACE COVERAGE (8)
• {lOO};A {llO}; • {lll}
7 Variation of polarisation potential (E - Ecorr) of copper with
surface coverage of M BT and crystallographic orientation
In the presence of MBT the changes in the type of etch
figures observed can be attributed to adsorption of MBT
on the reactive surface sites as Cu(I)-MBT complex. The
number of such reactive sites blocked by adsorption is
proportional to the MBT concentration. At high concen-
trations all the reactive sites can be completely blocked by
the Cu(I)-MBT film. Under such circumstances the
characteristic substrates of copper single crystal planes are
no longer exhibited and random dissolution results.
The variation of polarisation potential with time during
anodic dissolution of copper single crystals has been
explained by earlier workers. 17,18,28 However, when the
Cu(I)-MBT film is present on the surface the removal of
atoms from reaction sites becomes more difficult. The
increase in anodic polarisation potential on addition of
MBT is in accord with this argument, which is also
supported by the observed linear variation of polarisation
potential with surface coverage (Fig. 7).
The nature of the inhibitor interaction with the metal
surface during corrosion inhibition has been deduced from
• {lOO};A {llO}; • {Ill}
8 Variation of Bockris-Swinkels adsorption isotherm with M BT
concentration (mol r 1) and crystallographic orientation
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operation of a replacement process during adsorption of
inhibitor molecules at the metal/solution interface.31
The negative values of AG~ obtained suggest a strong
interaction between inhibitor and surface during corrosion.
The values of P depend on the ease of adsorption of the
inhibitor as well as the substrate crystallographic orienta-
tion. The higher values of P observed with MBT are an
important indicator of chemisorption. The shift of the
corrosion potential to more noble values (with respect to
the value in uninhibited acid), together with the
ineffectiveness of MBT on the cathodic potential charac-
teristics, indicates that MBT must act as an anodic
inhibitor.
CONCLUSIONS
Studies of the dissolution behaviour of single crystals of
copper in sulphuric acid with various concentrations of
MBT as inhibitor have led to the following conclusions,
which apply to all crystallographic orientations tested:
1. The dissolution rate decreases with increasing
concentration of MBT.
2. The anodic Tafel curves were shifted to higher (more
noble) potentials by MBT additions.
3. Weight loss increased linearly with time.
4. Dissolution rate increased and inhibition efficiency
decreased with increasing temperature.
5. The above results, together with the observed
variation of inhibitor efficiency with MBT concentration,
suggest that MBT inhibits the acid corrosion of single
crystalline copper through surface adsorption.
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